To explore the effect of type of dietary fat, cholesterol and chenodeoxycholic acid on gallstone formation, bile formation, bile com position, bile acid kinetics and plasma lipids in squirrel monkeys, 39 monkeys were studied using seven different diets. Samower oil, a highly unsaturated fat, added to a diet with cholesterol resulted in at least as high an incidence of cholesterol gallstones as butter added to the same diet. On the other hand, diets with high levels of saturated or unsaturated fat without cholesterol did not result in gallstone formation. Dietary chenodeoxycholic acid (0.1% ) did not reduce the incidence of cholesterol gallstones, although the proportion of bile acids as chenodeoxycholic acid increased. Gallbladder biles from monkeys fed semipurified diets with cholesterol had a signifi cantly higher lithogenic index than the comparable groups without cho lesterol. Pool sizes of bile acids in all semipurified diet groups were reduced and the lithogenic indices were increased compared with the group fed a commercial feed. Dietary chenodeoxycholic acid caused a decrease in plasma cholesterol in butter groups and an increase in triglycÃ©rideconcen trations in safflower groups. Diet influences bile composition and bile acid kinetics, as well as the incidence of gallstones, in squirrel monkeys.
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In patients with cholelithiasis, the he patic synthesis and biliary secretion of cholesterol appear to increase whereas the synthesis and pool size of bile acids de crease ( 1-6 ) with proportionally less chenodeoxycholic acid in the bile than in healthy subjects (7) . Many patients with cholesterol gallstones are now being treated with chenodeoxycholic acid. Since bile promptly returns to the supersaturated state and gallstones recur after cheno deoxycholic acid therapy is discontinued,3 continuous or intermittent prophylactic therapy is necessary. No significant hepatic dysfunction in man has been associated with chenodeoxycholic acid treatment (8) (9) (10) , but some animal studies have raised the possibility of hepatotoxicity (11) (12) (13) (14) . Squirrel monkeys fed certain semipurified diets are susceptible to the formation of cholesterol gallstones (15) (16) (17) .4"e Although not all of the nutritional factors that af fect gallstone formation in squirrel mon keys have been established, the level of dietary cholesterol and the level and type of fat are probably important. These studies were designed to explore the ef fects of type of dietary fat, cholesterol and chenodeoxycholic acid on gallstone forma tion, bile acid kinetics and plasma lipids in squirrel monkeys.
MATERIAL AND METHODS
Experimental animals and diets. Thirtynine (19 male and 20 female) sexually mature squirrel monkeys (SaimirÃ-sciureus), weighing from 580 to 1,200 g, were divided into seven groups and fed different diets for 24 months. The mean weight at the beginning of the experiments ( mean Â±SE) was 913.7 Â±30.0 g for males and 696.5 Â± 15.3 g for females. The mean weights of the seven groups were similar at the be ginning and at the end of the experiments. The basal semipurified diet is described in table 1 and the distribution of monkeys into different diet groups and the incidence of gallstones after 1 year are shown in table 2. (56) .
2Al-phacel (ICN Pharmaceutical Inc., Cleveland, Ohio.) 3The vitamin mix contained per kilogram of diet : 12.5 mg retinyl acetate, 100 mg a-tocopherol, 500 mg ascorbic acid, 1 g inositol, 5 g choline, 40 mg menaquinone, 49 mg niacin, 10 mg riboflavin, 10 mg thiamin, 10 mg pyridoxine, 30 mg calcium pantothenate, 0.2 mg biotin, 1 mg folie acid, 0.02 mg vi tamin Bi2, 0.05 mg crystalline cholecalciferol and 10.24 g dextrose.
Procedure for determining bile add kinetic factors. The purity of [24-14C] Cholic acid7 and [24-14C] chenodeoxy cholic acidT was evaluated in the thinlayer Chromatographie system of Mitropoulos and Myant (18) . In some cases, the bile acids were further purified with thinlayer chromatography. At 1500 hours, the monkeys fed diets for 16 to 24 months were injected intravenously with 1.5 /Â¿Ci each of 14C-labeled cholic and chenode oxycholic acids which had been neutral ized with dilute NaOH and made isotonic with saline. The animals were given access to their diet until 2300 hours. During di gestion, the labeled compounds were well mixed with the bile acid pool so that sam pling of the bile acid pool some time later (greater than 6 hours) gave a valid point on the specific activity decay curve (19) .
At 0900 hours the next day, 18 hours after isotope injection and 10 hours after their last meal, surgery was performed to obtain a small sample ( about 50 /J ) of gall bladder bile. The samples (termed a sam ples) were obtained through a fine needle inserted into the gallbladder. The openings were closed with fine ligatures and the sample sites were thoroughly wiped with sponges to ensure recovery of all radio activity. The monkeys were again given access to their food by 1600 hours. A sec ond sample of bile was obtained by empty ing the gallbladder 1 week later (ÃŸ sample).
Analysis of bile. Measured aliquots of gallbladder bile which were obtained after overnight fasting at cholecystotomy 1 year or more after the inception of the special diets were transferred to 12 ml of chloroform-methanol (2:1) and stored at 2Â°for analysis.
We used the method of Bartlett (20) to measure phospholipids on lipid fractions from gallbladder bile and thin-layer chro matography (16) bile. Free bile acids and cholesterol were isolated after alkaline hydrolysis, acidifica tion, and extraction with diethyl ether. Silica gel G thin-layer plates had 15 lanes, 10 for biological samples and 5 for stan dardsâ€"0.5, 1, 2, 3, and 4^g each of cholic, deoxycholic, chenodeoxycholic, and litho cholic acids and cholesterol. After develop ment in the system of Mitropoulos and Myant (18) , spots were developed with phosphomolybdic acid and quantified with a thin-layer scanner8 on the basis of peak heights. The precision (coefficient of vari ation) for 20 duplicates was 5.1%. After Â« and ÃŸsamples of gallbladder bile were analyzed for cholesterol, phospholipid and the different bile salts, radioactivity mea surements on the bile acids were made by scraping the appropriate areas into scintil lation vials and adding scintillation fluid.9 Samples were counted on a liquid scintil lation spectrometer10 and corrected by a channels ratio method. Recovery was greater than 97%.
Calculation of pool sizes and biological half-lives of bile acids. In a preliminary ex periment, the sampling procedures were repeated three times, 4, 8, and 13 days after the first bile sampling, on two squirrel monkeys fed the commercial diet. One monkey died a few days after the fourth operation, but the other gave a linear bio logical decay curve of specific activity versus time on logarithmic-arithmetic paper for both bile acids ( fig. 1 ). Since bile salt metabolism apparently followed simplified first-order kinetics (see also 21), we fixed on a 2-sample procedure for most of our kinetic studies. The second or ÃŸsample â€¢If" was obtained 7 days after the first (7 days + 18 hours after isotope injection).
The pool size of each bile acid was de termined from the specific activity of the zero time intercept of the line joining the a and ÃŸvalues for gallbladder bile accord ing to the formula: pool size total radioactivity of bile acid injected specific activity at 0 time intercept '
The radioactivity lost by the a sample collection of gallbladder bile was less than 5% and was ignored when half-life was determined from the decay curve.
The fractional turnover rate in days"1 was the natural log 2 half-life (days)
The daily replacement rate (synthesis + absorbed dietary bile acid) of each bile acid was equal to the pool sixe X the frac tional turnover rate. The pool size and the daily replacement rate were then expressed on the basis of kg of body weight.
Liver biopsies. One year after the incep tion of the special diets, we opened but did not remove the gallbladder (cholecystotomy) of squirrel monkeys to deter mine the extent of gallstone formation. We took approximately 200 mg pieces of liver from the median parts of the central lobes and put them immediately into HollanderBouin solution. After overnight fixation, these samples were washed, embedded in paraffin, cut, and stained with hematoxylineosin and PAS.11
Blood samples. Several times during the experiments, the following determinations were performed on blood samples: total cholesterol concentration, hemoglobin, red blood cell count, hematocrit, serum alka line phosphatase, serum glutamic pyruvic transaminase, total protein, albumin/globu lin ratios, triglycÃ©rides, and lipoproteins by agarose electrophoresis.
Calculations of SEM and the use of Stu dent's t test to determine the statistical differences between means were performed according to procedures outlined by Snedecor and Cochran (22) .
RESULTS
Effect of diet and clwnodeoxycholic acid on the composition of gallbladder bile and the incidence of stones. The incidence of cholesterol gallstones for squirrel monkeys fed different diets is shown in table 2. As in studies by Melchior et al.5-6 highly unsaturated fat added to the cholesterol diet (groups D and F) resulted in at least as high an incidence of gallstones as butter added to the same diet (A and C). The incidence of gallstones in monkeys of group A (fed diets with butter plus cholesterol) in this experiment was high compared to our overall experience with monkeys fed that diet for 1 year or longer (53.6%; 30 of 56). On the other hand, diets with high levels of saturated or unsaturated fat with out cholesterol did not result in gallstone formation (B and E). Neither the three monkeys fed the commercial monkey diet (G) during this experiment nor 37 fed previously had gallstones. Dietary chenodeoxycholic acid (0.1%) did not reduce the incidence of gallstones (C and F).
Of the monkeys fed diets containing cholesterol (A, C, D, and F), 15 of the 15 that had their gallstones removed as com pletely as possible during the first cholecystotomy after consuming the same diet for 1 year showed a recurrence of stones during a second cholecystotomy whereas two others that were originally free of stones remained so. No obvious sex differ ences in susceptibility to gallstones were observed in any diet group.
The relative molar composition of three constituents in gallbladder bile (total bile acids, cholesterol, and phospholipid, where the total of the three constituents is equal to 100% ) are shown in table 3. The mean molar percentages of cholesterol were high est in the groups fed the cholesterol diets (A, C, D, and F) and lowest in those fed diets free of cholesterol (B, E, and G), especially in group G. Although there were only three monkeys fed the modified com mercial diet (G) in this experiment, the mean molar percentage of biliary choles terol was consistently low in the past (1.99% = mean for 25 monkeys). We have expressed the relative saturation or lithogenic index of gallbladder bile by the Thomas and Hofmann (24) . Among the seven groups, the mean con centrations of total lipid varied from a low of 6.39% (w/v) in group D to a high of 11.73% in group C. According to the cri teria of Admirand and Small (25) , the mean lithogenic index was much less than 100 for all groups except D and F. On the other hand, all of the groups fed the cho lesterol diets except group C had a mean lithogenic index of about 100 or more if judged by the criteria of Hegardt and Dam (26) and Holzbach et al. (27) . Monkeys fed the semipurified diets with cholesterol (A and D) had significantly higher litho genic indices ( P < 0.01 ) than the com parable groups (B and E) fed the semipurified diets without cholesterol.
The effects of dietary chenodeoxycholic acid, cholesterol and type of fat on the bile acid composition of gallbladder bile after 1 year are shown on table 4. In groups C and F which were fed chenodeoxycholic acid, chenodeoxycholic acid increased over 200%, but lithocholic acid remained less than 1% of the total (we did not measure sulfated forms). Dietary chenodeoxycholic acid caused a corresponding significant de crease in the cholic and deoxycholic acid concentrations, expressed as percentages of total bile acids.
Turnover of primary bile acids in differ ent diet groups. Table 5 shows the pool sizes of cholic, chenodeoxycholic and total primary bile acids for the seven groups of squirrel monkeys calculated by the twopoint method.
Group G, which in this study and pre vious ones (16) had always been free of gallstones, had the largest pool of cholic acid (75.86 Â±18.22 mg/kg which is sig nificantly greater than the mean of all other groups) and a chenodeoxycholic acid pool of 25.54 Â±1.34 mg/kg. In a previous study (28) , the pool sizes of cholic and cheno deoxycholic acids for five squirrel monkeys fed the diet containing the same commer cial feed were 86.0 Â±12.3 and 29.6 Â±6.5 mg/kg respectively.
Although the mean chenodeoxycholic acid pools of groups C and F (fed cheno deoxycholic acid) were three times greater than those of groups A and D (the com parable groups without chenodeoxycholic acid), the cholic acid pools were reduced about 50% and the total pool of primary bile acids in the chenodeoxycholic acid feeding groups were approximately 150% of those for control groups; all of the dif ferences were not significant because of the large intragroup variability and small sample numbers. Cholesterol did not have a significant effect on pool size (A vs. B and D vs. E). The cholic acid and total pool sizes of the semipurified diet groups without cholesterol (B and E) were sig nificantly lower than those of the com mercial diet group (G).
Half-lives and daily replacement rates of primary bile acids. Except for the reduced half-lives of both bile acids as a result of the addition of cholesterol to the diets with butter (A vs. B), there were no statistically significant effects on half-lives (table 6) . Except in group G, the half-lives of cheno deoxycholic acid were longer than those of cholic acid.
The daily synthesis of cholic and cheno deoxycholic acid is also shown in table 6. It is impossible to determine the rate of endogenous chenodeoxycholic acid syn thesis in groups C and F fed diets with chenodeoxycholic acid. We have used the term daily replacement rate to express the product of the fractional turnover rate and pool size which is equal to the daily syn thesis plus the exogenous bile acid ab sorbed into the body pool. Exogenous bile acids were only a factor for groups C and F.
Dietary cholesterol significantly increased the daily replacement of cholic, cheno deoxycholic and total bile acids in monkeys fed the butter diet. Although dietary chenodeoxycholic acid caused an increase in the replacement of chenodeoxycholic acid, it did not alter the total bile acid re placement.
Plasma cholesterol and triglycÃ©ridelevels. The effect of cholesterol, fat and cheno deoxycholic acid feeding on the concentra tions of plasma cholesterol and triglycÃ©ride is shown in table 7. Dietary chenodeoxy cholic acid resulted in significantly de creased plasma cholesterol levels in the monkeys fed the butter and cholesterol diets (C vs. A) and significantly increased triglycÃ©ridelevels in monkeys fed the safflower oil and cholesterol diets (F vs. D). Ã ¶S O u *"
S'Bi â€¢7? Â«*-i Dietary cholesterol increased the plasma cholesterol regardless of the type of fat, and under all conditions, diets with safflowcr oil were associated with lower cho lesterol and triglycÃ©ridelevels than those with butter.
Effect of CDCA feeding on liver his tology. No evidence of hyperplasia could be found in any part of the biliary tree of control monkeys or in those on chenodeoxycholic acid (CDCA) for 1 year, despite an occasional parasite in the bile ducts of these feral primates. Focal inflammatory cell infiltration in hepatic acini and cellular infiltration in Glisson's triad were seen in several samples from each group, but these findings did not differ significantly in either frequency or severity in different groups.
Liver function tests. By human standards, squirrel monkeys have high and very vari able serum alkaline phosphatase and glutamic pyruvic transaminase activities which make it extremely difficult to evaluate the toxicological effects of the dietary treat ments. There were, however, no significant differences between the squirrel monkeys that had received chenodeoxycholic acid (groups C and F) and those that did not (groups A and D).
DISCUSSION
Whereas dietary cholesterol is the most lithogenic of the factors tested so far in squirrel monkeys, it is not an absolute re quirement for cholesterol gallstone forma tion. For example, some animals fed diets containing 15% of energy as corn oil and no cholesterol sometimes formed stones ( 16) . In spite of the high incidence of gall stones in squirrel monkeys fed cholesterol and safflower oil, a highly unsaturated fat,5' Â°and in men fed diets rich in saf flower oil (29) , no cholesterol gallstones formed in monkeys fed diets containing 42% of energy as butter or safflower oil unless cholesterol was included in the diet. The high levels of dietary fat contribute to the lithogenicity of diets containing cholesterol since the commercial feed sup plemented with 25% (w/w) butter plus cholesterol was associated with gallstones (28) . On the other hand, the feeding of semipurified diets with the same amount of cholesterol but only 2% safflower oil did not cause cholesterol gallstones.12
Increased cholesterol intake led to in creased concentrations of cholesterol in gallbladder bile. We also showed that di etary cholesterol increased the absolute level of cholesterol secretion in hepatic bile (28) . Although substantial quantities of cholesterol are absorbed by both squir rel monkeys (30) (31) (32) and man (33) , diets with high levels of cholesterol contribute a smaller share to the exchangeable choles terol pool in man than in squirrel monkey (31) . Dietary cholesterol caused a drastic reduction in the hepatic synthesis of cho lesterol in squirrel monkeys (34) and is undoubtedly the source of much of the biliary cholesterol and bile acids.
The oral administration of chenodeoxy cholic acid to human patients caused the dissolution of cholesterol gallstones in functioning gallbladders (9, 10, 35) , but how it did so is not known. Chenodeoxy cholic acid treatment in fasting subjects makes gallbladder bile less saturated with cholesterol (7), and bile acid feeding usually increases the total bile acid pool size (36) . Chenodeoxycholic acid prob ably acts by decreasing the hepatic synthe sis and biliary secretion of cholesterol ( 37 ) .
In squirrel monkeys, chenodeoxycholic acid had little effect on the lithogenic in dex of gallbladder bile and did not reduce the incidence of cholesterol gallstones. The high level of dietary cholesterol (0.9 mg/kcal) used in our squirrel monkeys to induce a high incidence of gallstones is much higher than that in the diets of most human subjects treated with chenodeoxy cholic acid to dissolve cholesterol gall stones. We estimate that the squirrel mon keys in our studies ingested 62 mg of chenodeoxycholic acid/kg body weight/ day (0.1% w/w of the diet). The dosage used in man ranged from 250 mg to 4.5 g/day or 3.6 to 64 mg/kg body weight daily (9, 10, 36) . This represents 0.1 to 1.8 mg/kcal for man compared with the 0.24 mg/kcal used in these experiments on squirrel monkeys. In general, the higher the dose of chenodeoxycholic acid used in man, the more the saturation of bile with cholesterol is reduced, but 14 to 15 mg/ kg/day seems to be an effective dose (39) . Chenodeoxycholic acid dissolves only cho lesterol-rich gallstones in man, but the Â»Unpublished data.
r"' gallstones of squirrel monkeys are almost pure cholesterol (15) . Depending on the dose, chenodeoxycholic acid treatment raised the percentage of chenodeoxycholic acid in bile acids to 76% (40) or over 90% (36) in man. Dietary chenodeoxy cholic acid inhibited to a greater extent the endogenous synthesis of cholic acid than of chenodeoxycholic acid (41) . In our experiments, chenodeoxycholic acid feeding increased the percentage of cheno deoxycholic acid to over 85% of the total bile acids.
The failure of dietary chenodeoxycholic acid to protect against cholesterol gallstone formation in squirrel monkeys has its parallel in the studies of Dam in hamsters (42) (43) (44) . Perhaps the effects of cheno deoxycholic acid on gallstones in different species are related to quantitative differ ences in the effects on HMG CoA re ductase and 7a-hydroxylase, the main regu latory enzymes for cholesterol and bile acid synthesis by the liver (2, 3, 35, 45-48).13-" It will be important to estimate both con trol enzymes in squirrel monkeys fed vari ous diets, including chenodeoxycholate. We conjecture that although cholesterol feed ing resulted in increased hepatic 7<*-hydroxylase activity and decreased HMG CoA reductase activity in squirrel mon keys, high concentrations of dietary cho lesterol overwhelmed these control mech anisms and caused an increase in the levels of hepatic and biliary cholesterol.
Plasma cholesterol concentrations in creased slightly (46) or remained un changed (9, 39) and plasma triglycÃ©rides tended to decrease (10, 39, 46) or remain unchanged (49) during chenodeoxycholate treatment in man. But in the squirrel mon key, plasma cholesterol tended to decrease and plasma triglycÃ©rideto increase during chenodeoxycholate feeding and depending on the type of dietary fat. Bile acid feed ing (20 mg/kg body weight/day) caused no significant change in the levels of serum triglycÃ©ride or serum cholesterol in the rhesus monkey (50) .
Although it was not the major focus of this study, the commercial diet had re markable effects on bile composition, bile acid kinetics and gallstone formation in squirrel monkeys. There was protection against gallstones and expansion of the bile acid pool in squirrel monkeys (16, 28) and increased bile acid production and pool size in rats (51-53) red commercial feeds based on mixtures of grains. The binding of bile salts by specific plant fiber (54, 55) seems the best explanation of these effects of the unrefined diets. Although deoxycholic acid is readily formed by the in testinal flora of monkeys fed the unrefined diets, it is not reabsorbed ( 16 ) .
Diet influences bile composition and bile acid kinetics, as well as the incidence of gallstones, in squirrel monkeys. Never theless, the apparent differences between the effects of chenodeoxycholic acid on cholelithiasis in man and squirrel monkeys indicate caution in translating findings in one species directly to the other. 
